Detailed characterization of the tendon allows for insight into the etiology of tendon injury, repair and response to various training interventions. There have been a number of previous works that have detailed the in vivo tendon mechanical properties; however, these properties, due to the limitations of the methods, have been related to the whole tendon and not specific to any given region. [1] [2] [3] [4] The method described here allows for the quantification of the mechanical properties of regions of interest (ROI) along the tendon length. Thus it may allow for the sensitive identification of changes to the tendon before injury or during rehabilitation, which cannot be identified using the method outlined in previous work.
The randomness of the speckle pattern in ultrasound ensures that each region of the tissue within the imaging frame has its own unique pixel pattern that can differentiate a region from other regions. The aim of any tracking algorithm is to attempt to identify the pixel "signature" between subsequent image frames. Under ideal conditions the tissue would not change its ultrasound echo from frame to frame, that is, during a passive movement where the tissue is not expected to distort. However, as the tissue is stretched under load, so it deforms and its density changes, altering the ultrasound pattern produced. Hence the pixel signature of a region of interest in any given frame may in fact change in the subsequent frames.
The tendon extension seen during muscle contraction is a factor of the loading and loading rate and potentially can be large over a typical acquisition period (3-4 s) dependent on the tendon mechanical characteristics. Hence to get a "best match" between subsequent frames the loading rate must be relatively low and/or frame acquisition high so that frame-to-frame tendon displacement is relatively small, hence reducing the potential for mismatch. A number of approaches have previously been used in an attempt to track nerve and tendon displacement. [5] [6] [7] Of these, none has used maximal force efforts where the tendon would be expected to develop high levels of strain. A previous study used a block matching, normalized cross-correlation (NCC) method whereby tendon strain was estimated, and here at only up to 50% of maximal effort. 8 Here we use a more efficient method of searching in conjunction with the (NCC) algorithm by implementing the three steps searching (TSS) algorithm developed by Koga and coworkers. 9 None of the previous tracking papers has related their measurements with the manual method used in the literature (eg, Onambélé et al 4 ) to estimate tendon excursion. In addition, none appears to have used high force contractions (where tendon stretch is relatively large) to test the ability of the tracking algorithm to follow a region of interest across successive frames.
Therefore the aims of this present study were to examine a method of tracking regions of interest within the ultrasound images of in vivo human tendon tissue during both passive (probe movement) and active (highly loaded) tendon, and secondly to compare, in vivo, the automated method with the established manual method to ascertain its validity. The hypothesis is that the automated tracking method would generate results not significantly different from manual measures under a number of different conditions. This work will enable a much more detailed picture of the tendon mechanical properties in injury, repair and in response to various training interventions. This detailed understanding will subsequently allow for more effective rehabilitation and injury prevention strategies to be put in place.
Methods
The test subject for the study is a healthy recreationally active male aged 47 years with mass 91 kg and height 1.81 m. The local Ethics Committee approved the investigation and the subject gave written informed consent to participate. The study conformed to the principles of the World Medical Association's Declaration of Helsinki.
For the comparison analysis between the automatic and manual tracking methods, two sites were chosen based on those typically used in the literature. These were the patellar and medial gastrocnemius tendon. 3,4,10 A 7.5 MHz 40 mm linear array, B-mode ultrasound probe (AU5, Esaote Biomedica, Italy) with a depth resolution of 49.3 mm was used to image the patellar and medial gastrocnemius tendons in the sagittal plane. For the patellar tendon the knee was fixed at 90° flexion, and the ankle was fixed in the neutral position (ie, 90°) for imaging the medial gastrocnemius tendon junction. An echo-absorptive marker was placed between the probe and the skin to act as a fixed reference from which manual measures of elongation could be made. Ultrasound images were then taken in DV format via S-video output and captured into PC at 25 frames per second using Quintic Biomechanics (9.03 v 11) software. Scaling in pixels per millimeter was determined from ImageJ software by using the known depth of field in the ultrasound images (1 mm = 9.20 pixels or 1 pixel = 0.108696 mm) and used as a calibration factor in the automated tracking program to ensure equivalent pixel-to-millimeter ratios.
To examine the tracking algorithm, passive tendon movements were employed, where no tendon deformation would be expected, hence the simplest task for the algorithm. Contraction start was defined as frame zero for the passive trials. End of contraction was seen when movement stopped for the passive trials. The same criteria or frame range was used for all similar trials. The purpose of the passive probe movement experiment-the transducer probe moved proximally over the skin surface within a 20 mm range-was to examine the initial measurement of the automatic tracking method, compared with the manual tracking method. Here a good match should be expected if the algorithm is able to "template match" and hence track the speckle pattern in successive frames. These tests used 1 and 2 ROI for comparison purposes. For 1 ROI, the identified region was determined frame to frame and the displacement also measured manually from its position in the first frame. For the 2 ROI passive tests, if the algorithm tracks successfully, any 2 regions should show a zero net movement (relative movement). A total of ten trials were carried out for both 1 and 2 ROI experiments. ROI displacements were measured at every ten percent of the total frame number for each trial.
Active movement (applied ramped voluntary contractions at both knee and ankle with the knee flexed to an angle of 90° and ankle in neutral, transducer probe fixed static at the skin surface) examined both the patellar and medial gastrocnemius tendons, resulting in tendon stretch (See Figure 1a and b). Voluntary forces were ramped manually over 3-4 s and recorded along with the ultrasound images. Co-contraction was accounted for by recording the EMG in the antagonist muscles (hamstrings and tibialis anterior), where net torque = external torque + co-contraction torque. Tendon forces were calculated by dividing all net torques by the respective moment arms. All excursion records were then determined at ten percent intervals of maximal voluntary force up to maximum. Here only 2 ROI were examined whereby one region was put onto the echo absorptive marker and the other on identifiable landmark within the tendon (gastrocnemius muscle tendon junction and just distal to the inferior pole of the patellar on the inferior aspect). Again a total of ten trials were carried out for the 2 ROI experiments. For the active trials start was defined where force was zero and end where a force plateau was reached.
The tracking algorithm calculated the normalized correlation coefficient (NCC) of the ROI and the samesized region, centered on each pixel in a surrounding search window in the following frame (See Figure 1) . The NCC was used in preference to other measures because it was found to be more sensitive to speckle tracking in ultrasound images. 11 As this was a time-consuming process, the search times were reduced by using the traditional three steps searching (TSS) algorithm developed by Koga and co-workers. 9 This algorithm was developed for motion estimation in video compression applications, where the movement could be in any direction and employed a rectangular search window of 2 × ROI size for the width and 1 × ROI size for the height. If the threshold for the NCC (0.95) was not reached or exceeded then the ROI was not moved in the subsequent frame. If the NCC found a new region, namely, r > .95, then the process started again with the new updated position for the template match in the next frame-the adaptive NCC implementation. This increases the ability to match where the template changes as when the tendon deforms with stretch.
Tests used a pixel ROI area of 15 × 15 (2.66 mm 2 ), this gave optimal tracking results compared with larger and smaller areas for the structures examined (data not shown). For 1-ROI, the distance moved from the initial start point node (P1 initial ) to the successive frames was determined (P1 j ) and plotted against the manually measured displacement. For 2-ROI the position of P1 initial and P2 initial was then tracked until it reached the last frame. The position of the nodes relative to each other across the subsequent frames was measured (P1 j -P2 j ), the accumulative relative displacement between nodes was plotted (manual vs automatic tracked).
T tests were used to determine differences from zero displacement for the 2 ROI passive measures, and to compare all other automatic tracking with manual measures. Intraclass correlation coefficients (ICCs) were determined to examine the reliability of the manual measures. Bland-Altman plots were determined with 95% limits to examine the level of agreement. Alpha level was set to P < .05. All data are presented as mean ± SEM.
Results
Repeat tests of the manual measures for tendon excursion gave an ICC of 0.991.
The 2-ROI automatic tracking passive test for the patellar tendon showed a mean value close to zero displacement (0.010 ± 0.040 mm), manual measures gave a mean value of -0.005 ± 0.040 mm, both results were not significantly different from zero (P = .53; 0.75) for the automatic and manual measures respectively. Passive movement of the probe allowed examination of either displacement of two ROI relative to each other or 1 ROI as the probe moved over the region. The 2-ROI automatic test for the medial gastrocnemius tendon, also showed a mean value close to zero displacement (-0.020 ± 0.040 mm), with manual measures giving a mean displacement of -0.030 ± 0.060 mm. Neither the automatic nor the manual measure was significantly different to zero (P = .14; 0.15) respectively.
Comparisons between manual and automated tracking with 1 ROI for passive probe movement (PM) indicated that there were no significance differences (P = .06) between the tracked ROI and the manual method. For determination of a simple tendon displacement trial during passive movement, 1 ROI was used. For the patellar test, automatic tracking gave a total displacement of 7.50 ± 0.60 mm vs. the manual measure of 7.66 ± 0.63 mm. An excellent and significant correlation between methods was shown (r = .99; P < .05), with the BlandAltman plot indicating that the mean difference or bias is very small (0.04 mm) and that within the 95% confidence limits the difference does not exceed 0.17 mm, a very small difference across the range of measurements (See Figure 2) .
For the medial gastrocnemius tendon test, the automatic tracking gave a total displacement of 11.28 ± 1.36 mm vs 11.17 ± 1.35 mm for the manual measures, again no significant differences were seen between methods (P = .79). These initial tests confirmed that the automatic tracking method is a good match to the manual method for measuring displacements, with no significance differences between the two. The relationship between the two methods of measurement was significant as indicated (r = .99; P < .05) (Figure 3 ). The mean difference was negligible (0.01 mm) and the 95% confidence intervals indicated that the maximum difference was 0.5 mm.
For the patellar active tests utilizing 2 ROI, here again there were no significance differences (P = .85) between the automatic and the manual measurements with a mean displacement value of 4.88 ± 0.24 mm, compared with 4.59 ± 0.28 mm for the manual measures. The scatter plot shows a very good agreement between measures (r = .99; P < .05) (see Figure 4) . Bland-Altman plot gave a bias of 0.005 mm and indicated no greater difference at a 95% confidence than 0.4 mm.
For the medial gastrocnemius tendon, automated tracking gave a mean displacement value of 16.42 ± 0.85 mm, vs 16.68 ± 0.86 mm for the manual measures. No significant differences were seen between measures (P = .95) indicating a good general agreement. The scatter plot indicates again an excellent relationship between measures (r = .99; P < .05) (see Figure 5 ). Bias between measures was negligible (0.002mm), with the maximum difference of 0.81 mm.
Discussion
The results from the passive tests in this study showed that the automated algorithm enabled effective tracking of a region of interest within the image window when compared with the manually measured results. Here the net movement of 1-ROIs measured using manual and automated tracking were not significantly different from each other for both the patellar with a 2% difference in the total displacement (P = .06) and medial gastrocnemius showing an approximate 1% difference (P = .79). The 2-ROI passive tests showed no significant differences to zero for both the patellar with a tendon displacement of 0.010 ± 0.040 vs -0.005 ± 0.040 mm (P = .53 and P = .75) and medial gastrocnemius -0.020 ± 0.040 vs -0.030 ± 0.060 mm (P = .14 and P = .15) for the automatic and manual methods respectively. This agreed with the hypothesis stated in relation to manual vs automated tracking comparisons.
For the active tests the errors were expected to be larger due to the tendon being dynamically stretched during muscle contraction, causing some deformation and making automatic tracking more demanding. This was indeed found to be the case with the maximal differences (bias) determined for the active tests at 0.4 and 0.81 mm for the patellar and medial gastrocnemius junction respectively. These were still considered relatively small differences between the methods, the correlations indicating excellent general agreement (Figures 4 and  5) . As for the passive tests there were no significant differences between the automated and manual methods of displacement measures for either the patellar or gastrocnemius tendon (P = .85 and P = .95 respectively), again in agreement with the hypothesis stating no significant differences between the methods. The tests carried out here are the first to directly compare automated tracking with manually measured tendon excursion during maximally loaded voluntary contractions. Previous work discussed comparisons of "lightly" loaded in vivo tendon excursions using an automated tracking method and manual measures. 6 But here they did not make clear the manual approach or indeed the reliability of the manual method. This aside they reported absolute errors of ~0.5 mm, similar to that seen here. However, our RMS percent errors were smaller than those of a previous study, with 3.2% seen here compared with 5.9% reported by Lee and co-workers. 6 Although a limitation of the current study may be that the measures were made on only one subject, differences in image quality across subjects may affect the agreement or the ability of the algorithm to track regions effectively. However carrying out the trials on two distinct tendons with different morphologies shows the robustness of this procedure.
A group in the mid-nineties were the first to use and validate in vivo muscle tendon movements using ultrasonography and manual tracking, this involved voluntary contraction of the dorsi-and plantar flexors while monitoring the associated ankle and muscle insertion displacements. 1 The movement of the fascicle insertion point was seen to be highly correlated with the ankle angular displacement (r = .93-0.97). Since then a number of authors have examined aspects of tendon mechanical properties using the manual method to determine tendon excursion during loading. 3, 4, 12 The utility of having the ability to automatically track tendon displacement is seen in the limitation of the manual method which requires a known landmark to follow during tendon movement. It is not known if the tendon is homogenous with respect to its mechanical properties, as the current method only allow for an "average" value to be determined from the total tendon excursion. Use of the automatic tracking algorithm as here, enables examination of specific areas of the tendon to ascertain for example site specific strain.
Our findings showed that for passive movements the tracking accuracy was within 1-2% of the manual values and active movements within 2.4-3.2% which is comparable to the displacement errors reported previously of 0.8-2.5% in the tendon and 2.1-7% in the aponeurosis. 13 A more recent study reported that the speckle tracking method was able to estimate frame-to-frame displacements using 2-ROI end points by tracking the movement of tendon during twitch contractions. 8 However, as the tracking was carried out during twitch contractions by electrically stimulating the muscle, the forces in the tendon were only moderate (up to 50% of maximum) which is a major difference to the approach here where high forces were elicited and thus larger tendon deformations would be expected making the tracking potentially more demanding.
Where others have used an automated algorithm to examine tracking, there have been reported errors of <10%. 5 Here the transducer probe was moved within a 1-3 mm range over the surface of the forearm. Magnusson et al (2003) tracked a needle sliding 10 mm through gel with mean error of 2%, similar to the errors of 2% reported using cross-correlation to track wire oscillating in water. 14, 15 These are similar to our passive trials and give similar errors or differences to the manual method as we report here (up to 2%).
In summary, this method shows for the first time the utility of an automated tracking program to determine tendon excursion during maximally loaded in vivo contractions by contrast with the standardized manual measurement method. Hence, it has the potential to improve clinical knowledge relating to the tendon mechanical properties by enabling discrete tendon mechanical properties to be determined.
